Abstract | Correct specification of myofilament length is essential for efficient skeletal muscle contraction. The length of thin actin filaments can be explained by a novel 'two-segment' model, wherein the thin filaments consist of two concatenated segments, which are of either constant or variable length. This is in contrast to the classic 'nebulin ruler' model, which postulates that thin filaments are uniform structures, the lengths of which are dictated by nebulin. The two-segment model implicates position-specific microregulation of actin dynamics as a general principle underlying actin filament length and stability.
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. However, in certain differentiated and specialized cell types, actin filaments form highly organized and stable structures with precisely regulated lengths and thereby provide membrane stability and maintain cell physiology [1] [2] [3] [4] . One of the most striking natural examples of such tightly regulated actin filament organization can be found in striated muscle cells. In these cells, semicrystalline arrays of thin actin and thick myosin filaments form densely packed lattices of interdigitating filaments that are organized into repeating units (named sarcomeres) along contractile myofibrils. Contractile force generation in striated muscle arises from crossbridge interactions between thin and thick filaments. As described by the well known 'sliding filament' model, the amount of active contractile force that is produced is determined by the degree of myofilament overlap 5, 6 . As such, myofilament length is one of the main determinants of sarcomeric force production 7, 8 and establishes the operating length of the sarcomere and determines muscle-joint biomechanics 9, 10 . During myofibril assembly and mainte nance, the length of thin and thick filaments is precisely controlled and is highly uniform within a myofibril 11 . However, the molecular basis of myofilament length specification in vertebrate muscles is incompletely under stood. Thick filament length (~1.65 μm) is conserved across vertebrate species and muscl e types, suggesting that mechanisms underlying its specification, which involves both myosin and structural Mline pro teins [12] [13] [14] [15] , are highly conserved. By contrast, the lengths of thin filaments (which are com plexes of Factin and associated actinbinding proteins in a twostranded helical 'pearls onastring' arrangement 16, 17 ) are constant within a myofibril but are highly variable both across species and between different muscles within an organism, with important b iomechanical implications
.
In this Opinion article, we discuss the con tributions of thin filamentassociated proteins to the specification of thin filament length in skeletal muscle. Emphasis is placed on the thin filament region that interacts with thick filaments, and not on the Zlineembedded region, the characteristics of which have been reviewed previously 18 . We introduce actin dynamics at thin filament ends, and we dis cuss recent data that argue against the classic 'nebulin ruler' model, favouring instead a 'twosegment' model for describing thin fila ment length specification. The nebulin ruler model depicts the thin filament as a uniform, nebulinassociated structure, whereas the twosegment model depicts the thin filament as a bipartite structure with two concatenated segments; a constantlength, nebulincoated core region (proximal segment) followed by a variablelength, nebulinfree extension (distal segment). The twosegment model accounts for the characteristic actin dynamics of thin filaments and explains variations in thin filament length across diverse muscles. Moreover, it provides insight into the patho genesis of nemaline myopathy, a hereditary muscle disorder caused by mutations in thin filament structural and regulatory proteins. The twosegment model also implicates positionspecific regulation of actin dynamic s along a single filament (which we term differ ential microregulation) as a mechanism underlying the properties of actin filaments in both muscle and nonmuscle cells that have different actinbinding proteins along their length.
Thin filament organization
Studies of the molecular organization and the actin dynamics of thin filaments have provided clues to the mechanisms of thin filamen t length regulation and stability.
Caps at filament ends. Thin filaments are polarized copolymers of actin subunits bound to troponin and tropomyosin regulatory units, and they are stabilized at their ends by specialized actincapping proteins (FIG. 1) . The fastgrowing barbed end of the thin filament is capped by CapZ and embedded in the Zline, which is an elaborate protein complex that defines the sarcomere periphery and laterally crosslinks thin filaments within sarcomeres [19] [20] [21] [22] (for a review, see REF. 23 ). By contrast, the slowgrowing pointed end is at the thin filament free end, localized near the centre of the sarcomere and capped by a combination of two sarcomeric tropomodu lin (TMOD) isoforms in skeletal muscle, TMOD1 and TMOD4 (for a review, see REF. 28 ). In cardiac myocytes, in which TMOD1 is the exclusive pointed end cap, TMOD1 seems to be more dynamic than CapZ. This is based on the relative propensi ties of actin subunits adjacent to these caps to exchange at their respective filament ends 29 . TMOD and CapZ do not maintain thin fila ment length and stability via a 'treadmill' mechanism, in which actin subunits are incorporated at barbed ends and dissociate at pointed ends 29 . Instead, the length and stability of thin filaments in cardiac myocytes are principally controlled by TMOD at pointed ends, where TMOD binding to actin reduces actin subunit association and prevents thin filament elongation [29] [30] [31] [32] . Simultaneously, TMOD binding to the terminal tropomyosin at the pointed end reduces both tropomyosi n and actin subunit dissociation and pre vents filament shortening [33] [34] [35] (reviewed in REFS 11, 28) . With tropomyosin stabilizing thin filaments by binding along filament sides and reducing actin subunit dissociation rates at both uncapped and TMODcapped pointed ends, tropomyosin and TMOD are likely to synergize to promote thin filament stability at the pointed end [34] [35] [36] [37] (reviewed in REFS 28, 38, 39) . However, how TMOD-tropo myosin inter actions contribute to the muscle specific length of thin filaments and precisely coordinate the alignment of pointed ends in skeletal muscle sarcomeres remains unclear.
The nebulin ruler model. In addition to CapZ, TMOD and tropomyosin, nebulin has historically been considered to be a key determinant of thin filament length in skel etal muscle. Nebulin is a huge (600-900 kDa) and elongated protein that coextends with thin filaments. The aminoterminal domain of nebulin is located in close proximity to the pointed end and contains a TMODbinding site, whereas its carboxyterminal domain is embedded in the Zline and harbours a CapZbinding site [40] [41] [42] . The intervening region of nebulin consists of >100 actin binding repeat modules and 22 troponin and tropomyosinbinding superrepeat mod ules 40 . Most notably, the molecular weight of nebulin roughly correlates with thin filament length across various muscles 43, 44 . This has motivated the longheld textbook depiction of a thin filament, whereby nebulin func tions as a molecular ruler that specifies the endtoend (that is, CapZ to TMOD) dis tance and thereby determine s the length of thin filaments (FIG. 1) .
The two-segment model. Although the nebulin ruler model of thin filament length specification is appealing in its intuitiveness and simplicity, recent studies had provided compelling evidence that this model is incor rect. Thin filaments are more accurately modelled as bipartite structures with two concatenated segments. The first segment is a constantlength, nebulincoated thin filament core region (the proximal segment) that starts at the Zline and continues to a distance of ~0.95 μm away from the Zline. The second segment is a variablelength, nebulinfree thin filament extension (the distal segment) that starts at ~0.95 μm away from the Zline and continues to the thin filament pointed end, which is capped by TMOD (FIG. 2a,b) . The constant length of the nebulincoated proximal segment excludes the possibility of a ruler function for nebulin, as thin filament length varies across different muscles 24, 25, [45] [46] [47] [48] . Furthermore, the variable length of the distal segment implicates TMODmediated actin dynamics at pointed ends as the main deter mining factor of skeletal musclespecific thin filament length in vivo.
Evidence for the two-segment model. Recently, highresolution immunofluores cence localization of TMOD and the nebulin N terminus and computational measure ments of their distance from the Zline have shown that these proteins do not colocalize in vivo 24, 25, 45 
, despite the fact that they can interact in vitro 41 . Indeed, investigations of chicken, mouse, rabbit and human skeletal muscles have revealed that the distance of the nebulin N terminus from the Zline is relatively constant (~0.95 μm) in all skeletal muscles, whereas both TMOD and the actin filament pointed ends are located at a vari able distance from the Zline (ranging from ~1.00 μm to ~1.40 μm, but always further away from the Zline than the nebulin N terminus) 24, 25, [45] [46] [47] . Moreover, the variation in size between nebulin isoforms found in muscles of different species seems to be due to the variable length of the nebulin Cterminal region within the Zline 45, 49, 50 . Additional evidence arguing against the nebulin ruler hypothesis came from the phenotypic analysis of neonatal lethal nebulinknockout mice. One dayold Neb (nebulin)null skeletal muscles have shorter thin filaments than agematched wildtype muscles. Moreover, even more intriguingly, thin filament length
Box 1 | Dependence of sarcomere tension on thin filament length
The sarcomere length-tension relationship, which quantifies the force output of a muscle as a function of myofilament overlap, was first described in classic physiological experiments performed on frog muscle 9, 10 . This relationship implies that alterations in thin filament length may lead to a change in the shape of the curve that represents the length-tension relationship 8 . This prediction was first validated in perch muscles 7 and, subsequently, in muscles from nebulin-knockout mice, nebulin-deficient patients with nemaline myopathy 56, 71 and, most recently, in a patient with nemaline myopathy carrying a mutation in the gene encoding tropomyosin 3 (TPM3; R167H) 47 . Theoretical sarcomere length-tension curves for frog sartorius and human pectoralis major muscles were constructed on the basis of known myofilament dimensions [7] [8] [9] [10] (see the figure, part a). Thin filaments of frog sartorius and human pectoralis major muscles are ~0.94 μm and ~1.37 μm long, respectively, but their thick filaments have the same length of 1.65 μm 24, 84 . This wide range of thin filament length is functionally relevant, as the optimum sarcomere length for force production commences at a length twice as long as the thin filament length, whereas the maximum sarcomere length for force production is the sum of twice the thin filament length plus the thick filament length [7] [8] [9] [10] . The length of sarcomeres is functionally important, with a length of ~1.88 μm and ~3.53 μm in the frog sartorius muscle, and ~2.74 μm and ~4.39 μm in the human pectoralis major muscle, respectively. Crucial points on the length-tension curve, which result in gain of contractile force or loss of such force, correspond to specific sarcomere lengths (indicated as 1-4 in the figure, part a) and myofilament configurations (see the figure, part b). These configurations are shown for both the frog sartorius and human pectoralis major muscles. Note that, although the resting sarcomere length homogeneity and near-perfect myofibril alignment in frog muscles allow the crucial points of experimental sarcomere length-tension relationships to be clearly discerned, actual experimental length-tension curves generated from mammalian muscles are 'smoothed' due to sarcomere length heterogeneity, non-negligible myofibril misalignment and contributions from non-contractile material (such as connective tissue). heterogeneity across mouse muscles also disappears in the absence of nebulin, with all Nebnull muscles reverting to a generic thin filament length that approaches ~0.95 μm 51 . This length of ~0.95 μm is also nearly identical to the average thin filament length in cardiac myocytes, which normally lack nebulin and, instead, express nebu lette, a much shorter nebulin isoform that barely extends out from the Zline 50,52,53 (for a review, see REF. 40 ). In these nebulinfree systems, the proximal segment of the thin filament is absent, the entire thin filament is composed of the distal segment and thin filament length is more variable (FIG. 2c) . Notably, ~0.95 μm is also the length of the proximal segment of a wildtype skeletal muscle thin filament 24, 25, 45 , which suggests that ~0.95 μm may define the maximum length that a thin filament can attain in the absence of nebuli n. To establish a longer functional thin filament length, nebulin may be required to stabilize the ~0.95 μm long proximal segment by facilitating actin polymerization and extension of the TMODcapped distal segment.
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Several experiments have provided sup port for nebulin functioning as a stabilizer of proximal segments rather than as a molecu lar ruler. When nebulin is depleted from chick skeletal myotubes via siRNAmediated knockdown, the length of the nebulinfree thin filaments is indistinguishable from the length of the original nebulincontaining filaments, as determined by unchanged TMOD localization with respect to the Zline 54 . Furthermore, if endogenous nebu lin is replaced by an exo genous ~250 kDa 'mininebulin' (which is a truncated version of the endogenous protein that contains the N terminu s and the C terminus of human nebulin but lacks 18 (out of 22) central superrepeat modules), the relative lengths of the proximal and distal segments are short ened and lengthened, respectively. This results in the Nterminal end of mininebulin to be a mere ~0.22 μm away from the Zline, whereas the distance of TMOD from the Zline remains normal 54 (FIG. 2d) . Thus, the thin filaments do not adjust their overall length to match the shorter length of mininebulin -a finding that is in direct opposition to a ruler function for nebulin 54 . However, mini nebulin confers protection against latrunculin Ainduced actin depolymerization in a man ner similar to fulllength endogenous nebu lin 54 . This indicates that nebulin stabilizes the entire thin filament independent of the proportion of the thin filament that nebulin occupies in the proximal segment. Such a model is corroborated by the observation that the dynamic exchange rates of GFP actin, GFPTMOD and GFPtropomyosin are increased in the absence of nebulin, as determined by fluorescence recovery after photobleaching (FRAP), and these dynamics are reduced when mininebulin is overex pressed in myotubes depleted of endogenous nebulin 54 . Moreover, electron microscopy observations had shown that Nebnull skel etal muscles rapidly degenerate after being subjected to postnatal contraction 51, 55, 56 . The length of thin filaments and thick filaments is strictly regulated. In the now obsolete nebulin ruler model, thin filaments were proposed to be uniform structures and their length (that is, the distance from the capping protein CapZ to tropomodulin (TMOD)) specified by nebulin functioning as a molecular ruler, with increasing nebulin molecular weight associated with increasing thin filament length 44, 45 . For simplicity, thin filaments are depicted with only one ne bulin molecule and one tropomyosin polymer. Thus, by association with the proximal segment of the thin filament, nebulin confers a longrange stabilizing effect on the thin filament that protects both the proximal and distal segments from biochemical and bio mechanical challenges. Nebulin may control distal segment dynamics and stability by regulating the structural polymorphism of Factin 57 , but this remains unproven.
TMOD regulation of distal segment length
Although nebulin clearly defines the constant length of the proximal segment of the thin filament, most likely via the stabilization of Factin, it remains less intuitive how TMOD regulated actin turnover at pointed ends might establish and finetune the variable and musclespecific length of the distal seg ment. TMOD is a dynamic cap that inhibits actin monomer association and dissociation from thin filament pointed ends and thereby regulates thin filament length 28 . Studies in cultured cardiac myocytes, mouse cardiac muscle and Drosophila melanogaster indirect flight muscle, all of which lack nebulin, have shown that thin filament length is inversely proportional to the extent of TMOD mediated capping, with reduced TMOD Figure 2 | A novel two-segment model for thin filament architecture in skeletal muscle. In vertebrate skeletal muscle, thin actin filaments consist of two concatenated segments. The proximal segment originates at the Z-line, where the capping protein CapZ caps the barbed end of the thin filament. The remainder of the proximal segment is coated with nebulin and has a constant length (~0.95 μm in most vertebrate muscles) 24, 25, 45 . The proximal segment is followed by the distal segment, which is nebulin-free, dynamically capped by tropomodulin (TMOD) at the pointed end and has variable length, depending on the muscle type and species 24, 25, [45] [46] [47] . a | At resting sarcomere length, the thin filament pointed ends coincide with the edge of the thick myosin filament bare zone at the centre of the sarcomere 18 . b | In vertebrate skeletal muscle, which have constant proximal segment length, distal segments are longer in slow-twitch fibres than in fast-twitch fibres 24, 25, 45 . c | Cardiac muscle and nebulin-deficient skeletal muscles lack nebulin and hence display thin filaments that lack proximal segments and consist exclusively of distal segments [50] [51] [52] [53] [54] . Nebulin-free thin filaments have an average length of ~0.95 μm and may exhibit more rapid actin turnover at their pointed ends, resulting in more variable length as compared to nebulin-containing thin filaments 51, 54 . d | Skeletal myocytes expressing mini-nebulin (~250 kDa) have a much shorter proximal segment length of ~0.22 μm. Reduced proximal segment length is not accompanied by changes in the distance of TMOD from the Z-line, which results in a dramatically longer distal segment 54 . Mini-nebulin also reduces actin and TMOD dynamics and thereby rescues the phenotype in nebulindepleted myotubes 54 . e | Human skeletal muscle from a patient with a mutation in TPM3 (tropomyosin 3) that causes nemaline myopathy (TPM3 R167H) shows a dramatically attenuated distal segment, such that the entire thin filament consists of the proximal segment 47 . The TPM3 R167H mutation also reduces Ca 2+ sensitivity during troponin and tropomyosin-mediated thin filamen t activation Intensity Position levels and capping associated with enhanced actin monomer addition (longer filament) and increased TMOD levels associated with actin monomer dissociation (shorter fila ment) 29, 30, 32, 58 (for a review, see REF. 28 ). Such a mechanism predicts that elimination of either TMOD1 or TMOD4 from skeletal muscle, and thus a reduction in total TMOD levels, would result in longer thin filaments with longer distal segments. However, Tmod1knockout mice unexpectedly display normal thin filament length (with normal proximal and distal segment length) in skel etal muscle due to structural compensation by a sarcoplasmic reticulumassociated TMOD isoform, TMOD3, that does not no rmally cap the pointed ends of the sarcomeric thin filaments 25, 59 (reviewed in REFS 28, 60) . Compensation by TMOD3 suggests that the preservation of normal thin filament length is highly prioritized in skeletal muscle. Therefore, determining the precise roles of TMOD proteins in distal segment length specification in skeletal muscle necessitates additional transgenic systems, such as s ingle, double and tripleknockout of Tmod1, Tmod3 and Tmod4. Moreover, striated muscl e expresses a larger TMOD family variant, leiomodin 2 (LMOD2), which can antagonize the pointed end capping activity of TMOD1 under certain conditions 61 . Overexpression of LMOD2 in cultured cardiac myocytes leads to loss of TMOD1 association with thin filament pointed ends and a concomitant increase in thin filament length 61 . However, other experi ments had suggested that LMOD2 functions during myofibril assembly to nucleate actin filaments that elongate from their barbed ends 62 . Understanding the timing and mecha nisms of LMOD2 function is essential for future refinement of the twosegment model.
Length control by the thick filament
Correlative data have identified the thick fila ment as an unexpected player in specifying the length of the thin filament distal segment. In fish, mice, rabbits and humans, muscles with a fasttwitch fibre type composition have shorter thin filaments and distal segments, whereas muscles with a slowtwitch fibre type composition have longer thin filaments and distal segments 7, 24, 25, 45, 46 . It is noteworthy that the length of the nebulincoated proximal segments seems to be independent of the fibre type composition 24, 25, 45 . Moreover, in human skeletal muscle fibre bundles, distal segment length negatively correlates with type 2 (fast) myosin heavy chain (MHC) expression, and type 2 MHCexpressing fibres have shorter thin filaments than type 1 (slow) MHC expressing fibres 24 (FIG. 2b) . In addition, the
Box 2 | Imaging thin filament architecture: methodological considerations
Mapping skeletal muscle-specific thin filament architecture requires high-precision measurements of four parameters: total thin filament length; the position of the Z-line (for example of α-actinin or the capping protein CapZ); the distance of the nebulin amino terminus from the Z-line; and the distance of tropomodulin (TMOD) from the Z-line. Traditionally, myofilament length was measured using transmission electron microscopy 84 and, recently, electron microscopy has been refined via electron tomography of tilt series, which enables three-dimensional visualization of thin filament trajectories within sarcomeres 85 . Although electron microscopy methods are impressively precise by affording nanometre-scale resolution, these methods are also constrained by labour-intensive and time-consuming tissue processing procedures, fixation and shrinkage artefacts and an inability to identify specific protein targets (most notably the nebulin N terminus, which does not localize to a discernable structural landmark along a thin filament viewed by electron microscopy).
A more technically straightforward approach is confocal laser scanning microscopy-based localization of fluorescently labelled thin filament components, viewed in either isolated myofibril preparations or muscle tissue cryosections. However, point-and-click measurements of the localization of the Z-line, the nebulin N terminus and TMOD are constrained by user error and the intrinsic impossibility of locating the centre of a point-spread function of a light source without the aid of computational tools. This possibly leads to substantial length measurement errors of ~0.2-0.3 μm, as limited by the resolution of optical microscopy. A series of studies from our laboratory has combined the ease of immunofluorescence microscopy with dramatically improved resolution by using distributed deconvolution (DDecon). This is a super-resolution computational averaging technique that computes the length of thin filaments and proximal and distal segments with a precision of 10-20 nm by directly determining the peak positions of fluorescently labelled thin filament proteins with respect to the Z-line using line-scans of fluorescence intensities along myofibrils 46 . Using the line-scan data, the DDecon algorithm generates the best-fit of a model intensity distribution function for a given thin filament component to an experimental one-dimensional myofibril fluorescence intensity profile 46 . An example of human pectoralis major muscle cryosection immunostained for TMOD, F-actin, α-actinin and the corresponding intensity distributions are shown (see the figure) . DDecon enables the rapid collection of large volumes of high-precision thin filament length data along with proximal and distal segment length data, providing a tractable and efficient assay for analysing thin filament architecture in experimental muscles of interest 24, 25, 45, 47 . The DDecon software for measurements of thin filament lengths is available as an ImageJ plugin for free download on the Fowler laboratory website.
P, pointed end.
correlation between distal segment length and the molecular weight of the giant thick filament scaffold, titin, suggests that the com munication between thin and thick filament components specifies thin filament length 45 . This relationship may operate via compo nents located at the thick filament bare zone, as titin sets resting sarcomere tension such that the thin filament pointed ends coincide with the thick filament bare zone at neutral sarcome re length (reviewed in REFS 18, 63) .
It is appealing to speculate that a bare zoneassociated protein acts as a targeting signal for TMOD and positions the thin filament pointed end at the bare zone. This targeting signal would function to halt thin filament elongation once the pointed end has cleared the myosin headcontaining region of the thick filament and entered the headfree bare zone. The existence of such a targeting signal is supported by observations in D. melanogaster indirect flight muscle, in which deletion of obscurin leads to thick filament asymmetry, loss of bare zone positioning and to the adjustment of pointed end target ing and thin filament length to match the aberrant bare zone positioning 64 . However, obscurinknockout mice exhibit normal myo filament dimensions and sarcomere symme try in skeletal muscle 65 . Instead, the activity of myosin heads may control TMOD capping and actin association and/or dissociation rates at pointed ends via actomyosin cross bridge interactions, as proposed previously 18 . Intriguing experiments have suggested that actomyosin contractility influences myofibril assembly and actin dynamics [66] [67] [68] [69] , but these experiments did not measure the length of thin filaments when myosin activity was perturbed. Additional studies are required to identify a specific pointed end targeting signal or a myosinbased Factin modulation mech anism for the distal segments of mammalia n sarcomeres.
Implications for nemaline myopathy
Several recent exciting studies indicate that the destabilization of both the proximal and distal segments of the thin filaments contribute to the pathogenesis of nemaline myopathy. This disease is characterized by nonprogressive muscle weakness and the for mation of pathological aggregates of thin fila ment and Zline protein components (termed nemaline bodies) in muscle tissue 70 . Specific nebulin mutations linked to nemaline myo pathy have been associated with a reduced length of thin filaments 71, 72 . This is most likely due to the destabilization of both the proxi mal and distal segments of the thin filament via mechanisms similar to those observed in Nebnull mice and nebulindepleted myo tubes 51, 54, 55 . Destabilization mechanisms can also account for the phenotype of a zebrafish nemaline myopathy model, which also exhibit s overall shorter thin filaments, nema line body formation and muscle weakness because of nebulin deficiency 73 . Conversely, a recent study has shown that a specific tropomyosin mutation (R167H in TPM3 (tropomyosin 3)) also reduces thin filament length by shortening only the distal segment, with no effects on the length of the nebulin containing proximal segment 47 (FIG. 2e) . The R167H mutation in TPM3 does not involve the TMODbinding site 39 . This suggests that, instead, the molecular defect induced by this mutation may reduce the affinity of mutant tropomyosin for actin, which leads to thin filament instability. However, the effect of the TPM3 mutation on the actinbinding activity of tropomyosin 3 has not been examined.
Together, these observations implicate a novel mechanism that contributes to the complex cascade of events leading to the pathogenesis of nemaline myopathy 70, 74 . Actin depolymerization from the pointed ends leads to thin filament shortening. Simultaneously, actin that is lost from the thin filaments repolymerizes in the cytosol, where it is crosslinked by αactinin to form nemaline bodies. The notion that misregulated actin dynamics may be a pathogenic mechanism underlying nemaline myopathy is consistent with findings showing that mutations in CFL2 (cofilin 2), a member of the ADF/ cofilin actindepolymerizing protein family, also cause this disease 75, 76 . Interestingly, thin fila ment shortening correlates with aberrant troponin and tropomyosi nmediated thin filament activation in nemaline myopathy associated with TPM3 R167H and nebuli n mutations 47, 71, 72, 77 as well as in Nebnull mice 51, 55, 71, [78] [79] [80] . This suggests a relationship between thin filament length regulation and tropomyosin and troponin regulation of actomyosin crossbridge cycling. Dissecting the origins of the diverse thin filament abnormalities in muscles from patients with nemaline myopathy is a key unresolved 'chickenandegg' problem at the interface of muscle physiolog y and cell biology.
Conclusions and perspectives
The studies discussed here provide extensive evidence that, in contrast to their classic depictions, thin filaments in skeletal muscle sarcomeres are not static and uniform struc tures, and that the length of these structures is not dictated by a simple nebulin ruler mechanism. Indeed, a single ~1.00-1.30 μm long thin filament may be host to a finetuned gradient of actin dynamics, ranging from remarkable stability in the Zlineembedded region to rapid subunit exchange at the TMODcapped pointed end, with two hetero geneous segments in between -the relatively stable, nebulincontaining proximal segment and the comparatively dynamic, nebulinfree distal segment. Sophisticated differential microregulation of actin stability and dynam ics along the length of a single filament may be particularly relevant to other long, stable actincontaining structures, such as intestinal epithelial cell microvilli and auditory haircell stereocilia. The long actin filaments in these organelles contain a distinct set of actin binding proteins associated with the filament rootlet and protrusion regions. Such distinct sets of proteins may differentially alter actin dynamics and stability in these regions 3, 4, [81] [82] [83] . Differential microregulation along regionally specialized actin filaments may provide a universal strategy for orchestrating diverse cytoskeletal architectures in functionally specialize d metazoan cells.
